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AIRFRAME SELF NOISE - KlUR YEARS OF RESEARC3H 


By 

Jay C. Hardin 

NASA- -Langley Research Center 
Hampton, VA 23665 USA 


INTRODUCTION 

The importance of airframe self noise as the ”ultimate noise harrier” to 
the reduction of noise levels produced hy future commercial aircraft was 
recognized just k years ago as a resxilt of NASA sponsored research on the 
Advanced Technology Trsuasport . This work included preliminary calcu« 
lations, based upon sailplane data, which indicated that the nonpropulsive 
noise produced hy a large subsonic aircraft on landing approach lay only 
approximtely 10 EPNdB below the FAR-36 certification levels. The surprisingly 
high intensity of this hitherto neglected noise soulce coxild, if verified, 
impose a troublesome lower bound on aircraft noise reduction. Thus, significant 
research efforts toward experimental evalxiation of the magnitude and charac- 
teristics of airframe self noise were stimulated. 

Verification of the existence of these high levels involved ground 
measurements of noise produced by large Aircraft during landing approach 
flyovers. Such meeisurements are difficult to make and interpret since, for 
safety reasons, such aircraft usually cannot be flown without power (deadstick). 
Thus, there is the necessity for some method of separating the airframe or 
nonpropulsive noise from the engine noise, as well as for accurate determination 
of the aircraft position and Velocity for correlation with noise data. 
Neveirtheless , the work was pursued with the result that the predicted levels 
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were generally confirmed. For example, the Boeing Company has cited measured 
airframe noise levels for the T27 and ikl aircraft^ approximately eight 
ErNdB-helow FAR-36 standards. 

The significance of this lower bound set by airframe noise lay in its 
impact on future noise regulations. Since it would be counterproductive to 
require engine noise levels much below those of nonpropulsive sources, the 
potential for further overall aircraft noise reductions is limited unless 
nonpropxxlsive noise generation can be controlled. 

For this purpose, airframe self noise research was begun, with the goals 

of understanding the generation and propagation of aircraft nonpropulsive 

noise as well as its reduction at the source. The first such attempts were 

empirical in nature, involving correlations of airframe noise measurements 

(3) 

with gross aircraft parameters such as weight, velocity, and aspect ratio 
Such studies led to useful prediction schemes but did little to identify and 
rank order the sources of the noise. Gradually, however, some understanding 
of the actual sources and their relative importance began to oserge. For the 
••clean” (cruise configured) aircraft, it is now generally conceded that the 
primary sources are associated with the interactions of the wake of the wing 
with the wing itself, while for the ”dirty^* (landing configured) aircraft, 
noise generated by the flaps and the landing gear/wheel well combination 
becomes dominant. Attempts are now being made to study these individual 
component sources in isolation in order to better chardcterizo the physical 
mechanisms involved. 

This paper contains a criticeJ. assessment of the present understanding 
of airframe self noise in order to identify potential methods of noise reduc- 
tion as well as to highlight areas where further research is needed. A 


review of full scale data on the magnitude, spectra, end directivity of this 
type of aircraft noise is presented, followed by a discussion of theory in 
an attempt to establish a theoretical framework which can explain the observa- 
tions. Analytical models for noise generation by the individual component 
sources are reviewed, and the various measurement techniques now being 
«nployed in airframe noise research are evaluated. 

AH OVERVIEW AIRFRAME NOISE 

There are many potential sources of airframe noise on an aircraft, a6 
shown schematically in figure 1. Each of these sources is believed to have 
its own characteristic amplitude, spectrum and directivity. If one measures 
the overall airframe noise produced by an aircraft, one sees the resultant 
produced by the summation of these individual sources. While this may be 
confusing from the standpoint of defining and evaluating mechanisms, it is 
nevertheless the noise field of ultimate interest. Thus, it may be useful to 
review available overall airframe noise measurements. 

Overall airframe noise measurements directly beneath the flight path of 
the aircraft have been made for a number of years. A table listing 65 data 
points published prior to 1975 has been compiled by Hardin et al . However, 
many of these early data were obtained using less than optimum measurement 
and analysis techniques. Microphones were often pole mounted in order to 
compare results with certification levels, determination of the aircfaft 
position and velocity was crude and only minimal efforts to remove the 
effects of residual engine noise were made. Recently, however, two studies 
which attempt to overcome these objections were published. 


s[ I I ! i 

The first of these studies presented measurements of Aero- 
commander, Jet star, CV-990, and B-7U7 aircraft. The microphones Vere mounted 
flush with the ground to ranove spectral distortion produced hy reflection and 
radar waS auployed to track the aircraft as it flew a nearly constant airspeed 
glide slope over the microphone array. Some data obtained in this stu<ty for 
the clean configurations are listed in table 1 and are plotted in figure 2. 

The data in figure 2 were normaJ.ized to an altitude of 152 meters by assxuaing 
op iiXYerse 8<iuare dependence on distance but were not corrected for pressure 
doubling effects due to the flush mounting of the microphones. Data from 
ref. 5 on the Aerocommander are not included as this aircraft is propeller 
driven and exhibited significantly higher normalized sound levels which the 
authors attributed to noise generation by the feathered propellers. 

Also presented in table 1 and figure 2 are clean configU3?ation data on 
the HSI25, BAClll and VCIO obtained by Fethney^^^ . This study employed 
flush mounted microphones and a kine— theodolite system for precise position 
tracking, repeat flights to reduce statistical variability in the data and 
extensive efforts to determine and remove residual engine noise from the data. 
These data on the figure are also normalized to an altitude of 152 meters 
and are not corrected for ground augmentation. Reference 6 also contained 
data on the HFII5, a delta winged research aircraft, which is not included 
herein due to the fact that it had nonretractable landing gear. 

The data presented in figure 2 indicate the airframe noise leVel directly 
beneath the various clean configured aircraft flying at an altitude of 152 m 
as a function of airspeed. Also shown on the figure is a line indicating the 
expected behavior if these levels exhibited fifth power dependence on velocity. 
By noting the sets of data points for individual aircraft, it can be seen that 
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the velocity dependence la approximately the fifth power. This is a lower 
velocity dependence than would be obsejrved for a dipole source. 

The airframe noise levels generated in the landing configuration are 

believed to be more dependent upon the detailed design of tVie aircraft than 

those of the cruise configuration. Several additional components such as 

leading edge slats, trailing edge flaps, landing gear and wheel wells are 

deployed during landing whose relative contributions to the overall noise may 

vary considerably from aircraft to aircraft. Further, these sources are not 

necessarily independent, but may interact with each other due to changes in 

the total flow field. Although it is difficult to directly measure the effects 

( 6 ) 

of the Individ ual components on the airframe noise, Fethney' made 
some estimates based upon measurements for the VCIO. The data shown in figure 
3 for comparison are decibel increases over the clean configuration overall 
sound pressure level hc produced by several different flight conditions. The 
total change in airframe noise level from the cruise to approach configurations 
for this aircraft was U dB. Either flap deployment or landing gear deploy- 
ment with oper wheel well is estimated to account for about 9 dB individually. 
Note that the difference in noise level between open and shut undercarriage 
doors is e-timated to be about k dB. This seems to indicate that substantial 
noise may be generated by large open cavities which suggests a method for 
noise reduction on those aircraft whose undercarriage doors normally remain 
open after gear deployment. 

Based upon early measurements, Healy^'^^ suggested that airframe noise 
directly below an aircraft produced a "haystack” type spectrum which peaked 
at a constant Strouhal number based on airspeed and a characteristic wing 
thickness. More recent measurements indicate a much more complex spectrum. 


Figure 4 displays the peak one third-botavo hand spectra normalized to equal 
overall sound pressure levels (OASPL) for the clean cortf if^ired Jetstar, CV-990 

(e\ 

cUid 7 U 7 aircraft as measured by Putnam et al ' . Although such measurements 

are ccm^licated due to the fact that the moving source produces a non- 
stationary signal » third octave analyses are generally reliable st long as 
short averaging times are employed. Note that the spectra exhibit two peaks » 
a low»r one in the vicinity of 200 Hz, which corresponds roughly to the 
frequency predicted by Healy’s Strouhal relation, and a higher one near 1250 
Hz. However, Putnam et al stated the surprising result that the shape of 
these spectra and the position of the peaks showed no consistent change with 
airspeed. Spectra for the HS125 and BAClll obtained by Fethney^^^ displ^ 
the same shape and peak location. 

The change in spectrum shape for the VCIO in going from the clean to 
dirty configurations is illustrated by the data of figure 5. The charac- 
teristic double peaked clean spectrum is not discernable for this aircraft. 
The major difference in the dirty configuration spectrum is a broad band 
increase in level, peurticularly at the low freqxiency end. Figure 6 shows a 
narrow band analysis of the low frequency portion of spectra, similar to 
those of Figure 5, obtained under somewhat different flight conditions. Note 
the appearance of narrow peaks in both the clean and dirty configurations. 

The directivity of airframe noise has only recently begim to be explored 
and only a modest amount of data exist in the open literature. Figures 7 
and 8 depict spectra directly below and to the side respectively of the HP115 
aircraft in the cruise configuration. (Note that this aircraft has a non- 
retractable landing gear.) Although this is a delta wing craft, it exhibits 

(5 

essentially the same spectral shapn below as that observed by Putnam, et al 
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for more conventional configuratlono. To the eldo, howovor, the higher 
freauency peak shifts from about 1 kHz to 2 kllz. This behavior Indicates that 
different noise sources may dominate at different angles with respect to the 
aircraft . 

Figure 9 portrays the reductions in measured overall noise levels (over 
those directly below the aircraft) with sideline distance for the four alr« 
craft tested by Fethney^^^. These data are compared with predic'ied reductions 
based upon considering the total aircraft either as a point moropole (solid 
curve) or as a point dipole (dashed curve) oriented in the lift direction. 

The fact that the data clusters about the solid curve indicates a monopole- 

fall off to the side. Similar behavior has been observed by Lasagna and 
Putnam^®^ for the Jetstar aircraft in the landing configuration. This result 
Is important in its implications for the source type dominant in airframe 
noise as well as for the airframe noise ** footprint”. 

Figure 10 shows airframe noise measurements in the flyover plane for a 
clean configured Douglas DC-10 aircraft The data have been corrected for 
an inverse square fallbff with distance and are plotted as a function of X, 
the angle of the approaching aircraft with respect to the horizontal. (Before 
normalizing, the airframe noise peaked slightly before the aircraft was 
directly overhead.) 

The above measured data are compared with calc\ilated values of the sxim of 
two dipoles oriented respectively in the lift and drag directions. Note that 
the main directivity features of the measurements are supported by the 
calculations. The best agreement between the measured data and this theoreti- 
cal approach is obtained when the dipoles are negatively correlated. 
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A THEORETICAL BASIS EOR AIRFRAME NOISE 


The most inclusive theoretical basis for the study of sound production by 
the airframe is that developed by Pfowca-Winiams and Howkinf^s^ ^ who extended 
the Llghthlll-Curle^^^*^^’^^^ theory of aorodynojnlc sound Kenorntion to 
Include lui’bitrasry convection motion. For this case, the wave equation 
governing the generation and propagation of sound admits the general solution 
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This solution implies that the soxmd sources may be represented 'by a quadrupole 

distribution related to the LifiShthill stress tensor within the volume of 

turbulence, a surface distribution of dipoles dependent upon the compressive 

stress tensor p . . and a surface distribution of monopoles produced by the 
X J / i A ^ 

normal velocity of the surface v^. Ffowcs-Williams and Hawkings^ further 
showed that, for the case of a rigid surface, the monopole distribution 
degenerates into a distribution of dipoles and quadrupoles throughout the 

volume contained within the surface. 

In the majority of airframe noise research to date, the aircraft has 
been assumed to be rigid. Application of this assumption in the above theory 
Implies that airframe noise consists of a distribution of dipoles and quad- 
rupoles. Further, at the low Mach numbers of Interest (approximately 0.3 for 
la n<1ir> g approach), the quadrupole distribution has been neglected. Thus, 


alrfrajno nolso aourcoB he.ve been nonaidcrod as dlpolo in nature, Thene 
dipole ooureea have alno been aoauincd to bo compact and^ often* replaced by 
equivalent point dipoles acting at the center of the distribution. 

Several aspects of experimental data regarding airfrome noise are 
difficult* if not imposaiblo* to explain in terms of such a theory. 

First* the velocity dependence of airframe noise has consistently been 
found to be less than the sixth power which would be expected of an aero- 
dynamic dipole. This result has led to considerable interest in the theories 
of Ffowcs-Williams and Hall^^*^^ and Powell^^^^. They considered the radia- 
tion from a volume of turbulence near the edge of a rigid halfplane and found 
that the sound production of quadrupoles with axes in a plane normal to the 
edge was enhanced such that the farfield sound intensity varied as the fifth 
poVer of the typical fluid velocity. However, there was no enhancement of 
quadrupoles with axes parallel to the edge. 

Secondly* the definite monopolelike sideline directivity of airframe noise 
which has been observed by independent research groups* is hard to \mderstand 
on the basis of a purely dipole theory. Certainly it is possible for three 
mutually perpendicular dipoles to masquerade as a monopole. However, this 
requires them to be statistically independent and of equal amplitude. While 
it is not hard to imagine the overall fluctuating lift and drag forces on an 
aircraft to he the same order of magnitude* a fluctuating side force of equal 
strength is more difficxat to visualize. About the only place where such a 
force could exist in the clean configuration is on the vertical tall. 

However* since it is much smaller in area than the wing surface, much higher 
fluctuating pressures on its surface would be required. 



Finally* the sourco of tho high fronnenoy poak In tho alrfromo noloe 

spectrum (See fig. U) ia puassllng. Thin peak, which was ohnorvod by both 

Putnam* et and Pothnoy^^^* is higher Jn frequency than that expected 

from known wing noloo roeohaniomo and neemn to be relatively innonoitivo to 

edrspeed. Sines the frequency of an aercacoustic source ordinarily scales 

on airspeed, the presence of this peak Biiggests the possibility of radiation 

from fundamexital vibratory modes of the aircraft structure. Although such 

vibration has not previously been considered as a source of airframe noise, 

(l6) 

Just such a spectral peak has been observed by D-vies who investigated 
sound produced by turbulent boundary layer excited panels. Shown in figure 11 
is '.e one third octave band spectrum of acoustic power radiated by a 0.28 m 
by *» ■ ui steel panel of 0.08 mm thickness which was mounted in the side of a 
low turbulence wind tunnel. Davies found that the frequency of this peak was 
reasonably independent of flow speed. 

(17) 

A similar spectrum has also heen observed by Maestrello who reported 
interior meas\irements in eui unupholstered Boeing 720 aircraft. Shown in 
Figure 12 axe spectra of panel acceleration as well as sound pressure level 
close to the panel for the aircraft in flight at a Mach number of O.87 and an 
altitude of 7700 m. Also shown are the changes in these spectra With cabin 
pressure. Maestrello notes that the sound pressure level varies as the fifth 
power of velocity. He further observes that most sound radiation comes from 
the edges of the peuiels emd dmonstrates methods for noise reduction by 
Stiffening t#he panel boundaries. If panel vibration is truly responsible for 
the high frequency peak observed in airframe noise radiation* Maestrello 's 
techniques offer a direct method of noise reduction. 


The above phenomena erophaol7,e the nooedotty of a elooev look at the 
assumptions employed in the theory of alrfromo noise. While it is wloo to 
recall that there are many absolutely equivalent formulations of aeroocoustic 
sources, tho enhancoroont of quadrupole pourpefi In th'- vicinity of an iMlf'o as 
predicted by Ffowcs-Williams and Hall^^*'^ and Powoll^ *'^^ ouwoato that 
quadrupole terms in any theoretical formulation should not be ditsmisae. 
lightly. Further, the evidence cited previously which indicates that vibrutloi 
may be a source of airframe noise brings into question the aosumpt‘' 'o of 
rigidity. If the surface vibrates, the roonopole source ■ i. . .^^aation (l) 
may dominate which would explain the monopolelike sidel.'.ae directivity that 
has been obseirved. Of course, there is still no mass addition to the flow 
but, due to the size o the body, each point on the surface may be acting as a 
baffled piston unable to effectively interfere with its mate of opposite phase 
elsewhere. The large size of the body also sheds doubt on the assumption of 
compactness. The spatial extent of the source region is of the order of the 
span of the aircraft while a typical frequency of interest has a wavelength 
of 0.5 m. It is possible to take into account the correlation length of the 
source distribution and replace each correlated region by a point source as 
suggested in reference 18. However, even the correlation length may be of 
the order of, or larger than, the wavelength. Thus, assumption of compact 
sources cannot be rigorously Justified. Further, this “component soiirce 
technique” neglects diffraction of the sources by the fuselage which may be 
important in airframe noise and could be partially responsible for the observed 
directivity pattern. 


f 
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COMPONENT SOURCES OF AIRFRAME NOISE 

As noted earlier in this paper, airframe noise is the resultant of many 
different noise generating mechanisms. Thus, in order to render the research 
problem more manageable, it is prudent to identify and evaluate these indi- 
vidual sources. 

The work of Curie who extended Lighthill’s^^^*^^^ theory to include 
the case where rigid bodies are present within the field of interest, showed 
that the sound generation in the presence of a body could be expressed by a 
distribution of dipoles over its surface in addition to the usual volume 
integral. The strength of these dipoles is related to the fluctuating pressure 
experienced by the surface. This theory is exact and highly useful for 
computational purposes. However, it has led to a certain amount of confusion 
about the roles of surfaces in sound generation. Actually , a rigid surface 
C8UQ produce no sound, as can be seen by noting that the acoustic energy flux 
must approach zero close to a rigid svirface^^^^ . Thus, the true sources of 
sound are disturbances within the flow field itself and the surface can act 
only in changing the strengths of these volume soxarces and in reflecting 
and diffracting the sound they produce. The fact that the flow distxurbances 
generate the fluctuating pressures on the surface is responsible for the 
alternate description of the sound production. The importance of this result 
is that it emphasizes the vital role played by the loca3. flowfield about the 
airframe components. Little is known about such flows. 

The many different noise generating mechanisms which comprise airframe 
noise can be crudely classed in terms of three simple models, i.e. noise 
generation by cylinders, streamlined bodies and cavities. Although the 
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geometry of real aircraft may differ autost antially from the models vhich have 
been analytically and experimentally studied^ it is assumed chat the basic 
noise generation mechanisms remain valid. As a comprehensive review of the 
literature has been attempted by Hardin et al^*\ only the best present 
understanding of these mechanisms will be discussed. 

CYLINDERS 

Perhaps the simplest and best understood of all exaa^les of sound 
generation by flow/surface interaction is that of a cylinder in a flov* 

Fortunately, this is also a useful example as the entire undercarriages of 
aircraft are constructed essentially of cylinders of various lengths and 
orientations^ As, the flow attempts to negotiate the cylindrical contour, 
it separates from the surface creating a turbulent Wake. IMs wake is hi^y 
vortical which resxilts in a solenoidal velocity field that induces fluctuating 
forces on the cylinder in the streamwise and normal directions. The situation 

is shown schematically in Figure 13. 

The exact nature of the wake and, thus, the sound produced is highly 
dependent upon the Reynolds* number (Re = where U is the flow speed and 
d is the cylinder diameter) of the flow. Typical Reynolds numbers for 
aircraft undercarriage components during landing approach are in the range 
10^ - 10^. In this range, the classical periodic Von Karman vortex street 
breaks down and the wake becomes random. The most relevant work in this area 
is that by Fung^^^^ who studied the fluctuating lift and drag forces on 
cylinders for the range 3 x 10^ < Re < l.h x lO^. He found the root mean 
square fluctuating lift and drag coefficients to be 0.13 and O.OU respectively, 
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vbere the overbeu: indicates a time average, q_ « 1/2 p^U is the dynamic 
pressure and ** M is the projected area where i and d are the length 
and diameter of the cylinder respectively. Unfortunately, the correlation of 
these lift and drag forces was not measured. The manner in which they are 
correlated could have a significant effect on the noise produced. 


In the case of a cylindrical component of an aircraft, if it is assumed 


that wavelengths of the sound produced are large compared with the diiftensions 
of the cylinder, retarded time differences in the source region may he 
neglected and the soxmd calculated as if frcm a moving point dipole through 
tha theory of Lowson^^^^. Further, in the absence of any information on the 
correlation of fluctuating lift and drag and noting that the RMS drag is only 
a third of the lift, the drag contribution will be neglected entirely. Thus, 
assuming the aircraft to be flying at the constant airspeed U, the acoustic 
pressure at the observer location x is given by 


P (x, t + J) 


Cos 6 

Utt( 1 - Mp)^ar 


dPij(t) 

dt 


( 3 ) 


where 0 is the emgle between the force and the observer direction and 

M ■ M cos e where M » U/a and 6 is the angle between the flight path 
r 

and the observer direction. Thus, taking the aircraft to be far enough from 
the observer that changes in B, 6 and r are negligible over the time 







for which the fluctuating force la correlated, the spectrum of acoustic 
pressure at the observer location is related to the spectrum of the fluctuating 
lift through 


S_(x,w) 

c» 


Coa^S 

16it^(1 - M_) 


(iT Sjj((o) 


ik) 


Measurements of the spectrum of the fluctuating lift on a circular 

cylinder in the appropriate Reynolds* nxmher range have also been obtained 

by Pixng^^^^e figure ik presents J*ung*s data on the normali^ied pover 
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spectrum of lift fluctuations at a Reynolds* number of 5*7 x 10 in 
comparison Vith the analytical relation 


=K<“> 


Itu Vlf 2lrtJ^ 
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(5) 


where a is a nondimensional parameter taken as 6.9*^ x 10^. This spectrum 
is defined siKSh that the total power is obtained by integrating over only 
nonr-negative frequencies 4 

Since Fung found that the normalized spectra at other Reynolds* numbers 
in the range of interest were not appreciably different, Eq4 (5) may be 
employed in Eq. (1») to calculate the mean square aCoustic pressure at the 
observer location, 1464 
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( 6 ) 


with the resulting overall sound pressure level 
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OA8PL(r,0.0) » 10 log^^Q (^) 

where is a reference pressure usually taken as 2 x 10“^ N/m^. Equations 
(U)and (7) may be anployed to estimate the spectra and overall sound pressure 
levels produced by moving cylinders. 

STREAMLINED BODIES 

The most fundamental (in the sense of being omnipresent) conq>on6nt source 

of airframe noise is produced by the flow over the streamlined surfaces of 

the aircraft. Taking such surfaces to be rigid (i.e. neglecting any radiation 

due to panel vibration which was indicated as a possible source earlier in the 

paper) , a dipolelike sound generation ms^ still be observed which can be 

related to the fluctuating forces experienced by the surface. There are 
(22) 

three mechanisms by tdiich such forces may be d :velopec., the pressure 
field arising in the turbulent botmdeury layer over the surface » force 
fluctuations induced by vorticity shed from the surface and the action of any 
turbulence present in the incident stream. However, these phenomena are 
not equally efficient in noise generation and, of cotirse, their relative 
contributions vary with the characteristics of the flow field in \diich the 
surface is planed. 


Boundary Le^er Turbulence 

The question of sound generation by boundary layer turbulence has been 
effectively resolved by Powell who used the "reflection principle” to 
show that the major surface dipoles vanish on an infinite, flat, rigid 
surface leaving only the viscous dipoles with axes lying in the surface 


itself. Since such viscous stresses, can only hecorae significant at Reynolds 
numbers much smaller than those developed on commercial aircraft, direct 
radiation from the turbulent boundary layer is a much less efficient source 
of direct radiation than others present even for moderately curved surfaces 
(as long as no separation occurs). This result remains valid for finite 
surfaces vhen the surface is larger than the sound wavelength - which is 
usually the case in airframe noise - except near the edges. This ’’edge noise 
source will be discussed below. 

In reference to the panel vibration source proposed earlier in this 
paper, it might be mentioned that Laufer et al^^^^ have considered the case 
where the surface is flexible and able to respond to the boundary layer 
excitation. They remark that for surfaces of limited extent, wall motion 
becomes equivalent to a simple source syston of high acoustic efficiency and 
can quickly become the most important feature of the practical boundary layer 
noise problem. Thus, it appears that the boundary layer pressure fluctuations 
are not major sources of noise, but the aircraft surface may generate sound 
through vibration and may reflect sound produced by other sources. Both of 
these roles rec”ire further research for better understanding. 

Wake Vorticity 

Sound generation by force fluctuations induced by vorticity shed from 
the surface is probably the primary cause for the experimentally observed 
fact that aerodynamic surfaces radiate predominantly from slender strips 
along their edges. At the edge of an aerodynamic surface, the flow must 
separate shedding vorticity into a wake. This vorticity will Induce 
fluctuating surface pressures which fall, off with distance from the vortex. 
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llhuSf the IftTgest pressures vlll occur close to the edge* In addition* non-* 
cancellation of boundary layer fluctuations also occurs in this region. Which 
of these effects is dominant is not known at this time, although wake induced 
pressures normally should be more intense. However, both point to ’’edge noise” 
as a primary source of eJLrframe sound generation. 

The present understanding of this source is well depicted by Figure 15 

(ok) 

which is taken from a report by Siddon' . Siddon suggests that alternate 
vortex shedding, Vith a fairly narrow band of preferred frequencies, leads 
to a time-dependent relaxation of the Kutta condition at the trailing edge. 

The ”stagnatiott streamline” switches cyclically from the upper to the lower 
surface, thus inducing a fluctuating force concentration near the edge. Note 
that this is exactly the same mechanism responsible for the production of 
strut noise as discussed earlier. 

There h«« been extensive work on the prediction of this edge noise source 

(k) 

ATifl numerous, sometimes conflicting, theories have been produced . Again, 
the generation process is highly dependent upon Reynolds' number. Much 
recent work^^^*^"^^ has dealt with the intense tones which can be produced by 
isolated airfoils with laminar boiindary layers. However, such tones require 
Reynolds' numbers based on airfoil chord length of less then about 2 x lO^ 
while commercial aircraft ordinarily exhibit Reynolds' numbers of many 
minions. At these higher Reynolds' mmibers, a transition similar to the 
collapse of the classical Von Karmah street behind a cylinder apparently 
occurs and A more broadband radiation results. 

Flnk^®®^ has experimentally evaluated the various theories for trailing 
edge noise generation. He concludes that the best present theories are those 
by Ffowcs-Willlams and Hall^^’^^ and Powell^^^^. The first of these papers 
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conaiders the aeattering of sound generation by Lightblll type quadrupolea 
due to the presence of a half plane in the flow. The results show that sound 
output of quadrUpoles associated with fluid motion in a plane normal to the 
edge is increased by a factor (Kr^)”^ where K = w/a Is the acoustic wave 
number and r^ is the distance of the center of the eddy from the edge. 
There is no enhancement of sound from longitudinal quadrupoles with axes 
parallel to the edge. According to this theory, the mean square pressure 
produced by a single eddy near the trailing edge is 


P (r,6,(^) * 


sin 4» sin^6^ cos^0/2 

’ * ft O 


- 


^2 „ * ^3 J. 
It a 0 r^ r 
o 


(8) 


^ere Y Is "tbe turbulent intensity, is the eddy volume, 6 is the 
streamwise correlation length of the eddy, 8 is the angle between the 
streamwise and observer directions, 8^ is the angle that the mean flow makes 
with the trailing edge and (j» is the angle between the trailing edge and 
Observer directions. This expression can then be summed at the observer 
location over all the (independent) eddies near the trailing edge. Note that 
this theory implies a dependence on the fifth power of velocity and the 
turbulence intensity Squared. It also gives rise to a directivity pattern 
in a plane normal to the edge dependent upon cos'^ 6/2. This directivity 
pattern, which Hayden^^^^ has associated with a "baffled dipole", is shown 
In Figure l6. Finally, the theory predicts that a "swept" trailing edge 
(relative to the mean flow direction) would produce less noise due to the 

O 

sin 0 dependence, 
o 

It should be noted here that summation of equation (8) over all eddies 
to produce the total mean square pressure at an observer location must be 
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approached with extreme caution. The primary trailing edge source on an 
aircraft is the wing. Thus, the source dimension is of the order of the span. 
Sfnce airframe noise is typically of interest at distance of only a few spans 
from the aircraft, the geometric far field of the source distrihutlon has not 
teen reached and a simple summation employing average values of distances 
and cmgles could be in considerable error. For this case, a "stripwise” 
summation as suggested by Hayden et al. is undoubtedly superior. 

Further, the fact that these sources are in motion should, of course, be taken 
into account. 

The variables which appedr in equation (8) are fairly straightforward to 
obtain with the exception of those which cheiracterize the eddy. Clark^^^^ 
has made measvurements in the wake behind- an airfoil placed in the potential 
core of a low ttirbulence jet. These measurements suggest that the controlling 
par6uaeter in the eddy size is actuaJLly the width of the wake, d, and that the 
number of eddies across a span b should be » b/A. The eddies are apparently 
ellipsoidal with 6 = A and Thus, if the eddy distance r^ 

is taken as g" equation (9) becomes 


p^ (r,0,<))) » 


sin ^ sin^e^ 
9Tf^ar^ 


2 e 

cos X 


( 9 ) 


This relatlbn indicates that sound generation by an aerodynamic surface is 

highly dependent upon the width of its wake. The drag of the body is also 

( 31 ) 

related to the wake width, a result which has led Revell to attempt to 
predict airframe noise from steady state drag. 

Unfortunately, very few roeasiirements of the amplitude ahd spectra of this 
trailing edge source exist due to the difficulty in making the required 


21 


) 

I 

J 


meaBurements in present dt^ flow facllltioB. Some data at very small scale 
were obtained by Clark^^®^. These have been employed by Clark et al^^^^ in 
a recent attempt to develop an expression for the power opectnom of s6und 
radiation by isolated airfoils. Their theory, however, requires a knowledge 
of the spectra of wake velocity ccanponents. It can be noted that this Study 
also showed a low v-0.2) power dependence of the eddy correlation lengths on 
Reynolds* number. 

In the absence of precise information, practical estimation of the fre- 
quency content of trailing edge noise might well employ the nondimensional 
spectrum obtained by Healy^*^^. This spectrum, shown in Figure 17* is a 
composite of spectra measured directly below several small aircraft with 
pecularities removed. As the aix-craft were all in the **clean'* or crxiise 
configuration, the primary sooirce of noise directly below the craft should 
have been trailing edge noise. For the peak frequency, Healy sxiggests 


f 


max 



( 10 ) 


where t^ is a representative wing thickness. At positions other than 
directly below the aircraft, this relation should be modified to account for 
the Doppler shift, i.e. 


^max t^(l - My) 


( 11 ) 


Inflow Turbulence 

The final mechanism by which fluctuating forces may be developed on an 
aerodynamic surface is through the action of incoming tiurbulence. Although 
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atsospheric turbulettce is ordinErl3y of too lar^Q scale and too low intenoity 
to be important in this regard, airframe components, such as flaps, which lie 
in the wake of other portions of the aircraft may gonoratr- noise through this 
mechanism. 

Although several different approaches to the analysis of this noise 
source have been devised^ it is useful to observe that, since Ffowes- 
Williams and Hall’s^^^^ work is purely concerned with scattering of sound near 
an edge, it is ec^ually applicable to this case as well. Ift other words, their 
the 03 ^ makes no distinction between incoming turbulence Impinging on a lee.ding 
edge and turbulence being shed from a trailing edge. Thus, equation (9) can 
be «nployed to calculate the level and directivity of this leading edge source 
as Well. The same concerns about source distribution apply, with the only 
change being, perhaps, the characteristics of the eddies themselves. 

When the observer is far enough away to be in the geometric far field 
of the entire leading edge source (tidiich probably is not the case for normal 
airframe noise measurements) an analysis of this probl&n has recently been 
formulated by Afiiet^^^^. This theory decomposes the incoming txirbulence 
into Fourier cOTiponents and then employs the Sears function to calculate the 
airfoil response. It yields an expression for the (one-sided) power spectral 
density of the radiated sound at a distance z directly above (or below) 
the airfoil as 


8^(0,0.ziw) - (^) 


K. 


( 12 ) 


^{lere the Von Karmsui spectrum has been used to describe the turbulence , b 
is the span of the airfoil, r(») is the Gamma function, «C is the integral 


scale of the turbulence and 


K Cr(x/3) 

K « 

^ r(5/f)) 


where K “ w/U. This relatlc'n holds as Inn/^ as ^ corresponding 

third octave bard soiind pressure level is given by 


SPL « 10 log. 
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Figure 18 shows a comparison of this relation with data on sound generation 
by an airfoil in an acoustic tunnel. A grid was placed in the tunnel in 
order to generate the incident turbulence* 


CAVITIES 


The final component source of airframe noise to be discussed in this 
section is sound generation by cavities in the surface of the aircraft. 

Recent data^^^ (See Pig. 3) indicate that one of the most intense sources of 
airfrafte noise on landing approach is produced by the wheel cavities of the 
aircraft since A significant increase in the broadband noise spectrum is 
observed when the wheel wells are opened. Although it is not yet clear whether 
this noise increase is due to the cavity itself or to a change in the flow 
field around the wing/flap system, considerable research into noise generation 

mechanisms of cavity flow has been stimulated. 

The flow field within cavities has been of interest for several years 
due to fatigue and buffeting problems. Thus, extensive data on cavity flow 



fields have been obtained and methods for the reduction of Internal pressure 

(3I1) 

OBclllationB have been developed' . Unfortunately, however, few meaauremcntB 
of f&r-field sound generation by cavities exist duo to the difficulty of making 
such measurraiento in present day flow facilities. 

The "basic" (this author's terminology) cavity noise mechanism is a 
fairly complex interaction between the Shear layer over the cavity and the 
volume within it. The shear layer apparently has fundamental modes of 
instability which act as a forcing function to produce oscillation of the 
air within the cavity. A reasonably accvirate expression for the frequencies 
of the shear layer instability modes in simple rectangular cavities has been 

(35) 

developed by Rossiter i.e. 
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U (m - 0.25 ) 
L 1/k^ + M 


m ® 1,2,... 
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where L is the length of the cavity in the flow direction and k^ is the 
ratio of eddy convection speed to the flow speed. However, the efficiency 
of this forcing function in producing smand depends upon how well it couples 
with the fundamental acoustic modes of the cavity. If the coupling is strong, 
very intense tones can be produced. These tones have been studied by Block 

(36) 

and Heller'"’ ' . Figure I 9 displays a typical spectrum measured directly above 
the cavity in comparison with a spectrum of the fluctuating pressures inside 
the cavity for a length to depth ratio (L/D) of unity. The directivity of 
this noise source was determined to be nearly that of a monopole although 

(37) 

small deviations do occur. On the basis of this wofk. Bliss and Hayden 
have developed a prediction relation for the mean square pressure radiated 
by the cavity, i.e. 
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— 2 ^ , 
/(r) « [, 0 X 5 (m - l/»<)q 7 ] 

where q lo the dynamic proomiro and w in the width '-f the cavity. Thio 
equation assumes good coupling between the foroinfi frequency and the fundamen- 
tal acoustic mode. Thus, predictions on the banJ s of this relation often tend 
to be high. Further, such coupling is usually only seen for the modes 
m «• 2 , 3 or U. 

This “basic” cavity noise mechanism is primarily a low frequency 
phenomenon, occurring for Strouhal numbers St = — less than about 2.5. 
Further, it is also critically dependent upon the cavity shape. Recent tests 
of a circular cavity conducted at NASA Langley produced much less tonal noise 
radiation than a square cavity of side length equal to the diameter of the 
circular cavity. This is important as the cavities on real aircraft are much 

f 0*7 N 

different in shape from the simple rectangular model . Finally, of course, 
this tonal mechanism cannot be responsible for the observed broadband radiation 
of real aircraft cavities. Thus, it is necessary to consider other potential 

cavity noise mechanisms. 

There are other possible sources of cavity noise. The shear layer shed 
from the leading edge of the cavity will induce fluctuating pressures on the 
edge resulting in an edge noise source as discussed previously. Further, the 
turbulence in the shear layer will Impinge on the back wall of the cavity 
resulting in an incident turbulence source similar to that mentioned earlier. 
Thus, there is the potential for a ’’trailing edge” source at the leading 
edge of the cavity and a ’’leading edge” source at the trailing edge of the 
cavity. Both of these sources may be analyzed by the theories developed 
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earlier and "both will produce a mere 'broadband noise, the analysis is 
simplified by the fact that these sources will appear compact. 

An alternate theory, tailored to the case of the cavity, has recently 
been developed by Hardin and Mason^^^^ which allows the sound generation to 
be calculated on the basis of the vorticity present in the cavity flow. This 
theory identifies monopole, dipole and quadrupole type sources inherent in the 
flow field over the cavity and has been applied in a two dimensional model of ^ 
cavity flow in-order to better understand the broadband noise generation 
mechanisms. Figure 20 presents tne spectrum of this noise source as calculated 
directly above a cavity with length to depth ratio of 2.0. Note that the 
broadband spectrum peaks near the Strouhal number of 4.0, which is considerably 
above the value of 2.5 below which tones are observed. Figure 21 displays the 
directivity of the sound in a plane parallel to the streamwise direction. Note 
that the peak intensity occurs slightly upstream of the cavity. This effect 
has also been observed in full scale airframe noise tests. 

experimental research techniques 

A common problem encountered in airframe noise research is the fact that 
the self noise sources are not very intense compared either to propulsive 
noise sources or to background noise levels in typical test facilities. Over- 
coming this obstacle has required considerable innovation of new techniques 
and refinement of old ones. 

FULL SCALE PLIGHT TESTING 

The first airframe noise testing was done utilizing ftill-scale aircraft. 
However, it is expensive, requires extensive instrumentation and can be 










27 


dangerous. Ordinarily such tests must be accoa^lished with the aircraft’s 
engines inoperative or at flight idle. Such operating conditions may not be 
possible with all aircraft. Furthermore* unless the engines are extremely 
q.uiet, it is necessary to look for a ’’window” between the low frequency jet 
and ambient noise and the high frequency compressor noise through which the 
airfrsme noise au^ be observed. Such windows do -not exist for all aircraft. 

There are numerotia-problems and subleties connected with obtaining valid 
full scale airframe noise measurements. The fact that the sovirce is moving 
past a fixed observer makes the design of an optimum experiment difficult. 

Hot surprisingly, the various grotq)s which have attenqjted such measurements 
have utilized different approaches to the acquisition and analysis of the 
data. Howtver, this makes comparison of data obtained in different tests a 
tenuous undertaking. Thus, one of the urgent needs in this field is some 
standardization of testing techniques. For this reason and at the risk of 
sounding didactic, this paper will discuss many of these problaas and offer 
approaches to thms. 

The primary quantity of interest in airframe uoise research is its 
Impact on the cwnmunity, or airframe noise ’’footprint”. Thus, the objective 
of airframe noise testing should be to obtain the directivity of the total 
airframe noise produced by the aircraft. Pince accurate positioning of an 
aircraft with respect to a microphone is difficult, and repeat flights are 
expensive, a good (practical) way to obtain such data is with an array of 
microphones in the shape of a tee. The flight path of the aircraft is along 
the cross of the tee. Of course, each microphone will measure a sound 
pressure time history which increases in Intensity and then dies away as the 
aircraft flies past. However, by properly picking short segments of these 
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records for such r ecords can l>e employed to obtain the directivity 

of the eirfraiJie noise in the flyover plane as Veil as to increase the 
statistical reliability of the data. Bimilar analysis of the sideline micro- 
phones viU allow the rest of the footprint to be obtained, although with 
increased variability. 

One question which arises at this point is: How should the microphones 

be mounted? Early testing oiqployed pole mounted mics as those are required 
for aircraft certification. However, this leads to ground induced cancella- 
tion which may occur in the frequency range of interest. Perhaps a better 
technique is to mount the microphones flush with a hard reflecting surface 
which produces a pressure doubling effect over the entire spectrum that is 
well understood and easily corrected. This technique has been oaployed in 
two recent studies^^*^^ with Fethney^^^ even cutting away the lower half of 
the microphone windscreen so that the mic would lie flat on the concrete 
nnaWay. 

A second question which arises is how the aircraft should be flown over 
the microphone array. As the aircraft's speed and distance from the observer 
are important parameters in airframe noise, ideally one would like to fly the 
aircraft at constant speed and altitude. However, to do so requires more than 
flight idle power, which increases the engine noise level, and risks intro- 
ducing unwanted sources through aircraft acceleration as can be seen in the 
last term of equation (l). Thus, it appears better to fly the aircraft at 
constant airspeed down a glide slope over the array. The pressure signals 
recorded by the microphones can later be corrected for the altitude variation 
utilizing an inverse square dependence of overall sound pressure level on 
observer distance as long as the obseirver was truly in the acoustic and geometric 
f€ur fields of the aircraft. 
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ifbe— necfissary corrections certainly require an accurate determination of ^ 

’ 

the aircraft’s position as a function of time. The-hest way of accomplishing j 

this se^ns to he one of the radar tracking schemes Which are usually available 
at suitable test sites. However, the problem is a little more complex, l^fpical ^ 

aircraft of interest have spans and fuselage lengths of the order of thirty ^ 

meters, while the altitude may be only a hoondred meters or so. 'Thus, there is 
a nonnegligible difference depending upon what reference point on the air- 
craft is used to determine the observer distance.- One should like to use the 
"center of gravity” of the source distribution. However, this is not known. 

Thus, this author might suggest the center of gravity of the aircraft as being 
618 reasonable sis smy other. Once a point is chosen, a simple way of measuring | 

the correct distance is to mount a radar target reflector on the aircraft and 
then translate the data to the chosen point on the aircraft. 

Another problem crops up when one tries to relate the aircraft position i 

information to the measured pressure time histories. The signal arriving at 1 

the observer location at time t was transmitted by the source at the 

estfller time t r /a where r was the source-to-observer distance at the 

6 e ' 

time of emission. These considerations lead to a complex relation between the 
known aircraft position at time t and the actual acoustic propagation distance 
which shotild be employed in correcting the pressure time histories. | 

A furcher consideration in such testing is the variability of the data. ; 

The fistlsticcJ. variability of any spectral analysis is inversely proportional | 

to the product of the bandwidth and the analysis time. Thus, for fixed band- 
width, one should like for the analysis time to be as long as possible. j| 

However, in this case ■»/here both the source/observer distance and the ■ 

I 

directivity angle are changing with time, the process is nonstationary and | 
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too long an analysis time can lead to aberrations in the data. Thua» there 
must be a trade off between statistical variability and nonstationarlty. 

This problem is not critical for third-octave analysis where analysis times 
of a few tenths of a second yield adequate estimates. However* for narrow 
band analyses, severe problems arise. These may be overcome by averaging 
anetlyses of several microphones on a single flight or a few microphones on 
nominally identical repeat flights. 

A final problem deals with calculation of overall sound presstire levels 
when the spectra are contaminated with engine noise. Some studies have 
merely calculated the OASPL value as if the engine noise were not there, 
others have integrated only up to some maximum frequency implying that all 
higher frequency power was engine noise while still others have attempted 
to subtract out the exigine noise on the basis of static test data. Two 
problems With this last technique are that the static data are not measured 
at the same angles with respect to the aircraft as the airframe noise data 
and that no consideration of the known flight effects on Jet noise has been 
given. 

tTODEL TESTING 

There are considerable incentives toward the use of models in airframe 
noise testing. Among these are the possibility of eliminating engine noise 
and reducing the cost and danger of testing of any changes prompted Iqr the 
application of noise reduction techniques. However, certain disadvantages 
due to reduced source intensity and the necessity of developing scaling 
relations (particularly since airframe noise is known to be Beynolds* number 
dependent) are introduced. 
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Remotely Piloted Vehicleo 

Otte duch technique » involving the use of a remotely piloted vehicle (RPV) 
US the airframe noise source, has been investigated by Fratello emd Shearln ^ . 
This testing is quite similar to that used in full scale flight research. In 
preliminary work onploylng powered RPV's whose engines were stopped before 
crossing the microphone array, they were able to obtain a 10 dB signal-to- 
noise ratio in the clean configuration with an RPV whose wingspan was 1.5 m 
flying at em altitude of 3 m with a speed of 25 m/sec as shown in Figure 22. 

The data acquisition and analysis procedures are more critical in this 
type of testing than in full scale flight testing. The RPV must fly quite low 
over the arr^ in order to produce a sufficient sound level at the microphone. 
Thus, the dhange in observer angle per unit time is large. However, acceptable 
methods for data collection have been devised. These utilize arrays of 
microphones euad photodiodes as shown in Figure 23. 

A more recent test program is employing an unpowered model of a Boeing 
TUT edrcraft with a wingspan of approximately 2 m. Grit is glued onto the 
leading edges of the model surfaces to trip the boundary layer in an attempt 
to simulate full scale Reynolds numbers. The model is dropped from a 
helicopter and edlowed to seek its natural (known) glide slope until it is 
pulled up into nearly level flight over the microphone array. Figure 2U is a 
photo of the model mounted on the drop helicopter. A rather sophisticated 
control system for this RPV has been designed and installed. 
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Anecholc Plow Facilities 

A second technique for whole model testing which has been investigated is 
the use of anechoic wind tunnels. Guch testing is hampered by the fact that a 
tunnel produces its own stirface interaction noise which is difficult to 
separate from the model noise. Thus, the tunnel must have a veiy low back- 
ground noise level. Further, at present, the test section must be open such 
that the microphones may be placed outside the flow in order to avoid swamping 
the airframe noise signal by microphone wind noise. NASA Langley engineers 
have been successful in such testing at the NSRDC Quiet Plow Facility in 
Carderock, Maryland^^^^. Figure 25 is a photo of a 0.03 scale model of a 
Boeing 7^7 aircraft mounted in this tunnel. This model was carefully 
constructed to properly represent insofar as possible full-sc8Q.e geometric 
euxd eierodynamlc properties. Note that the mounting sting is airfoil shaped in 
order to minimize the generation of aeolian tones. These tests determined 

that model airframe noise can be geometrically scaled to that of the full 

(Ul) 

scale aircraft with the exception of cavity generated sound' . The simple 
scaling relations, for one-third octave sotind pressure levels and frequency are 

U ^ r ^ 

SPLp = SPI^ + 10 log^Q[(SP)~^ (-^) (~) 1 (16) 

and 

fp « (SF) f (^) (IT) 

” M 

where the subscripts F and M designate the full scale and model 
respectively and SF is the scale factor. Figure 26 shows a comparison of 



model and full scale data for a 7h7 aircraft with leading edge flaps deployed. 
The full scale data were obtained by the Boeing Aircraft Company directly 
Vclow the aircraft .oring flyover tests. This measurement position id 
geometrically similar to that employed in the model tests. When scaled by 
means of equations (l6) and (17), the model and full scale data agreed within 
3 dB. During the model tests, measurements of sideline noise levels with and 
without the vertical tail on the model were made. No difference in noise 
level could be observed. 

Anechoic wind tunnels are also useful for testing of component sources 
of airframe noise. The data on airfoil sound generation shown in figure l8 

(^2) 

were obtained in the UTRC acoustic tunnel Another such tunnel 

exists at Bolt, Beranek and Newman, Inc. in Cambridge, Mass. This tunnel was 

utilized to obtain the cavity noise data shown in figure I 9 . 

One of the problems with all types of testing in acoustic wind tunnels 
is the fact that the sound must propagate through the shear layer of the 
tunnel flow. It is known that propagation through such a shear layer can 
ctlter the directivity and reduce the high frequency intensity of such sound. 
Although corrections for such changes are known for point sources at moderate 
frequencies those required for a distributed source such as an airframe 

model are still a matter for research. 

A conceptually different, yet very similar, type of facility which is 
useful in airframe noise research is on anechoic chamber with quiet flow 
capability. Such facilities exist in many research organizations. A 
constraint for airframe noise testing, however, is that the flow must be 
large eno\igh that a reasonable sized model may be tested. Such testing has 
been successfully accomplished in the chamber in the new Aircraft Noise 
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Reduction La1)oratory at NASA Langley Researcti Center. The air supply has a 
capability of Ul m^/eec which will allow a 52 m/sec velocity through ala 
dl.uneter nozzle. Figure 27 is a photo of a recent experiment in this chamber 
to investigate cavity noise and the interaction of cuvity/strut generated 
turbulence with downstream flaps. Figure 28 shows noise directivity patterns 
of the cavity alone in the plane normal to the flow for two different 
frequencies obtained during these tests in the Facility of Figure 27 . The 
flow speed was 119 a/sec and the cavity length and depth were k cm and 5 cm 
respectively. Note that distinct lobes appear in the directivity pattern. 
Thus, the directivity pattern of the cavity tonal noise is not strictly 
monopole. 


Moving Source Apparatus 

A final type of facility which could be useful iri airframe noise reserach 
is a moving source apparatus. This apparatus can be envisioned as some sort 
of tracked vehicle with a quiet propulsive syst«a which would carry a model 
through an anechoic test section. Such an apparatus would accurately 
simulate an actual flyover in the sense that the model would move past a 
stationary observer and would eliminate some of the problems of anechoic 
wind tunnel testing. However, development of a quiet propulsive system is 
a nontrivial undertedcing. Although such devices have been discussed, the 
author knows of no instance of their actual use in airframe noise testing. 


COKCLU0IHG REMARKS 


This paper has presenthd a critical assessment of the state of the art 
in airframe self noise. Full scale data on the intensity, spectra, and 
directivity of this noise source were evaluated in the light of the compre- 
hensive theory developed by Ffowes— Williams and Havhlngs. Vibration of 
panels on the aircraft was identified as a possible additional source of 
airframe noise. The present understanding and methods for prediction of 
other component sources - airfoils, struts, and cavities - were discussed 
and areas for further reseeurch as well as potential methods for airframe 
noise reduction were identified. Finally, the various experimental methods 
which have been developed for airframe noise research was discussed and 
sample results were presented. 
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SYMBOL LI£5T 


A 

ratio of area elements , 


% 

projected area 


% 

fluctuating drag coefficient 



fluctuating lift coefficient 


D 

cavity depth 


EPNdB 

effective perceived noise level 



8treeutnd.se force fluctuation 



normal force fluctuation 


J 

Jacobiem of transformation 


K 

wavenumber 



waventmiber in x-direction 


^x 

nondimensional wave number in x-direction 


L 

cavity length 


M 

Mach number 


“r 

Mach number in observer direction 


OASPL 

overall soxmd pressure level 


Re 

Reynolds’ number- 


S 

surface 


Sa 

one-sided acoustic pressure spectral density 


8P 

scale factor 


Sr 

one-sided normal force spectral density 


SPL 

one-third octave band sound pressure level 


St 

Strouhal number 


T 

Lighthill stress tensor 


» 0*^' , , , •, 




flov or aircraft speed 
volisne 
eddy volume 
aircraft weight 
speed of sound 
wing span 

distance “between microphones and diodes in BPV testing 

cylinder diameter 

frequency 

modal frequency 

frequency of spectral peak 

aircraft altitude 

rdtio of eddy convection speed to flow speed 
cylinder length 
mode ntuniber 

components of normal vector 
acoustic pressure 
compressive stress tensor 
reference pressure 
dynamic pressure 
observer distance 

observer distance at time of emission for moving sotirce 
distance of center of eddy from edge 
sideline distance 
time 


wing thickness 




1*2 


w 
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3 

Y 
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e 

o 
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V 

p 

Po 

♦ 

(I) 

A 

AOASPL 

rCO 

<C 


normal velocity 
cavity width 
observer position 
components of position vector 

spectral parameter 

angle between force and observer directions 
turbulent intensity 
streamwise correlation length 
observer angle 
source position 

angle between fli^t path and observer directions 

angle between mean flow and trailing edge directions 

directivity angle in flyover plane 

kinematic viscosity 

farfield density 

ambient density 

angle between trailing edge and observer directions 
circular frequency 
width of wake 

Increment in overall sound pressure level 

Gamma function 

integral scale of turbulence 


Subscripts 


P 


full scale 






(2SI/M) BoiOZ+ldSVO 



directly below aircraft normalized to an altitude of 152 m. 




Figure 3. Estimated nonpropulsive noise Increase due to changes from the cruise configuration for 
the VC10 airplane. 




equal overall sound pressure level. 



OASPL dB 
(40Hz - 1.6kHz) 



Figure 5. Comparison of one- third- octave band airframe noise spectra for dirty and clean 
configurations of VCIO aircraft flying overhead at 183 m altitude. 



DIRTV CONFIGURATION 
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Figure 6. Comparison of narrow-band airframe noise spectra for VCIO aircraft in clean and dirty 
configurations at an airspeed of 104 m/sec and an altitude of 183 m. 



OASPLdB 



Airframe noise spectra of HPT15 aircra 


12r DIRECTION OF FLIGHT 



Figure 9. Measured and predicted reduction in sideline OASPLs for four aircraft in clean configurations. 


OVERAU SOUND 




1/3 OCTAVE 



Figure IK Spectrum of acoustic power radiated from 0.08 mm thick panel mounted in the side of 
a wind tunnel. 




Radiated $ound pressure levels and skin aco 
for two different values of cabin pressure. 
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number of 570,000. 





0 dB = PEAK LEVEL 



Directivity pattern of a baffled dipole due to flow off the edge of a finite surface. 
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PROADBAND CAVITY NOISE SPECTRUM 
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Figure 20. Broadband noise spectrum produced by a flow excited cavity for L/D - 2.0 







AMBIEWT NOISE 




Fisure 23. Schematic diagram of Instrument array for RPV flyover noise measurement. 




Figure 24. 0.03-scale model of Boeing 747 RPV mounted on drop helicopter. 
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Figure 25. 0.03-scale model of Boeing 747 in NSR9C wind tunnel. 




MODEL WITH LEADING-EDGE 



edge flap deployed condition 



Figure 27. Cavity noise test ennaratus in Langley open jet anechoic chamber. 






